The plasmid pTHF3047 carries a 2200 bp fragment containing the phage T4 flglucosyltransferase (flgt) gene and part of the upstream gene 42 cloned in pBR313 under the control of the amp promoter P1. In T4-infected cells the flgt gene may be expressed by a mechanism antagonizing Rho action. The plasmid pTHF3047 expressed about threefold higher fl-glucosyttransferase activity in a strain carrying the polarity-suppressing rho-102 mutation than in an otherwise isogenic rho + strain, and production of T4 ~gt-flgt-phage was strongly stimulated. The plasmid copy number and the total T4-specific transcription was the same in the two strains. Two T4-specific transcripts from the plasmid, 600 bases and 1850 bases, were identified by Northern hybridization. Comparison with the T4 and plasmid maps suggested that both transcripts were initiated at P 1, the 600 base transcript ending at the Rho-dependent terminator t42 between gene 42 and flgt, and the 1850 base transcript reading through this terminator to the end of the flgt gene. This analysis places t42 at position 25.1 on the T4 map, and a Rho-independent flgt terminator at position 23.8. The three-fold higher flgt expression in the rho-strain may be partially accounted for by Rho control of transcription. In the rho ÷ strain about half of the transcripts stopped at t42, while in the rho-strain readthrough appeared slightly higher. Thus, the t42 terminator was observed also on the plasmid, but appeared considerably less effective there than in the phage DNA in infected cells.
INTRODUCTION
Two types of early mRNA are formed when bacteriophage T4 infects Escherichia coli: immediate early (IE) mRNA and delayed early (DE) mRNA (Brody & Geiduschek, 1970; Grasso & Buchanan, 1969; Lembach & Buchanan, 1970; Salser et al., 1970) . If chloramphenicol is added to inhibit protein synthesis, only the IE types of mRNA are produced (Salser et al., 1970) . Linder & Sk61d (1977) found that a protein formed by a primary infecting phage, working in trans on a superinfecting phage genome, could affect the formation of DE mRNA from the gene for deoxycytidine triphosphatase (dCTPase, EC 3.6.1.12) and deoxythymidine monophosphate kinase (dTMP kinase, EC 2.7.4.1.13) in the presence of chloramphenicol. The host transcription termination factor Rho (Roberts, 1969) restricts transcription in vitro to only IE genes, whereas both IE and DE genes are transcribed in the absence of Rho (Jayaraman, 1972; Richardson, 1970) .
The mRNA for fl-glucosyltransferase (flgt), one of two enzymes glucosylating hydroxymethylcytosine in T4 DNA, is DE (Black & Gold, 1971) , and the fl-glucosyltransferase gene (flgt) is propo~sed to be cotranscribed with gene 42 (dCMP hydroxymethylase, EC 2.1.2.8) from a common IE promoter separated by a Rho-dependent terminator (Jayaraman, 1972) , here called t42. It was earlier observed that flgt and dCTPase mRNA could be produced if strains of E. coli deficient in Rho were infected with T4 in the presence of chloramphenicol (Linder & Sk61d, 1980) . Table 1 . TU6 and TU8 are derivatives of W3110, where the rho-102 mutation in TU8 causes deficient transcription termination (Korn & Yanofsky, 1976a, b) but permits T4 growth (Linder & Carlson, 1985) .
Regulation of the T4 DE genes is quite complex, since most genes can be transcribed either by antitermination or attenuation at Rho-dependent terminators (DE 1) or by initiation from
HybridplasrnidpTHF3047. The plasmid pTHF3047, obtained from JeffVelten (Velten & Abelson, 1980 ) carries a 2.2 kb HindIII fragment of DNA from the T4 mutant 56amE51, 42amN55x5, rII-acArH23, which contains at least parts of gene 42 (Velten & Abelson, 1980) . The T4 DNA fragment was inserted at the HindIII site of vector plasmid pBR313 (Bolivar et al., 1977a, b) .
PlasmidpBR322. This plasmid (Bolivar et al., 1977a, b) was used to reclone the 2.2 kb T4 DNA fragment from plasmid pTHF3047 in both directions. In plasmid pCT01 the fragment is in the same orientation as in pTHF3047, whereas the fragment in pCT02 is inserted in the other direction. Plasmid pCT03 was constructed from pCT01 by deleting a 1.2 kb SalI fragment, including amp promoter P1 and most of gene 42, and religating with T4 DNA ligase. Plasmid pBR322, harboured in strain C600, was used as a standard in the copy number assays.
Plasmid Rldrdl9. This is a low copy number plasmid (Meynell &Datta, 1967) , 94 kbp in size, and was used as a standard in the ampicillin resistance determinations.
Media. Bacteria were grown in LB medium (Bertani, 1951) with the addition of 1 g glucose per litre, or in M9 (Edlin, 1965) with 10 ~tM-FeC13, 0.05~ (w/v) casamino acids (Difco certified) and required amino acids at 20 p.g/ml. Solid media were prepared by the addition of agar to 2~ (w/v).
For RNA extraction bacteria were grown in LP medium containing per litre: 1 g KCI, 5 g NaC1, 1 g NH,CI, I g casamino acids (Difco certified), 2 g peptone (Difco), 4 g glucose, 20 mg L-tryptophan and 12.1 g Tris-HC1 pH 7.4.
Fraser's medium (Fraser & Jerrel, 1953) was used for the preparation of phage stocks. Bacteriophage were plated on tryptone agar plates (10 g tryptone, 8 g NaC1, 1.1 g glucose and 11.25 g agar per litre, pH 7.4). Top agar was of the same composition but with 0.8~ (w/v) agar.
Preparation of phage stocks. Phage stocks were prepared and purified as described by Goldman & Lodish (1973) . E. coli B was used for preparing T4 and T2 wild-type stocks and strain CR63 (supD) for T4 amber mutants.
Preparation of 7"2 DNA. A concentrated suspension (Goldman & Lodish, 1973 ) with more than 10 ~2 T2 phage/ml was used to prepare DNA by the procedure of Tomas & Abelson (1966) .
fl-Glucosyltransferase assay. For the assay of T4-specific UDP-glucose-DNA-fl-glucosyltransferase (EC 2.4.1.27) 2 ml samples of cell cultures were collected, frozen and sonicated as described by Linder & Sk61d (1980) . The extracts were found to be labile to further freezing and thawing and were therefore used immediately. A modification of the method described by Baros & Witmer (1975) was employed. This involved measuring the incorporation of [t 4C]glucose from UDP-[ l*C]glucose (Amersham) into T2 DNA. The reaction mixture contained 3.8 ~tmol MgClz, 15 ~mol potassium phosphate pH 7.8, 15.0 ptmol dithiothreitol, 4.76 nmol UDP-glucose (Sigma), 0-24 nmol UDP-[a4C]glucose (0.075 ~Ci) and 60 ~tg ofT2 DNA. The reaction was initiated by the addition of 50 to 300 ~tl extract to give a final volume of 500 p,1. Incubation was at 37°C for 60 rain. The reaction was terminated by adding 2 ml ice-cold 6.25~ (w/v) TCA and 200 ~tl 0.3~ (v/v) bovine serum albumin to increase the amount of precipitate. The mixture was left on ice for 30 min, and then centrifuged in the cold at 2000 g for 10 min. The precipitate was redissolved in 1 ml 0.5 M-NaOH, neutralized with 1 ml of 0.5 M-HCI and reprecipitated by the addition of 2 ml 10~ (w/v) TCA. The mixture was left on ice for another 30 min and collected by filtration on a glass fibre filter (Whatman GF/C). The filter was dried at 80°C for 20 min, and the radioactivity was measured by liquid scintillation counting. The second TCA precipitation lowered the background level from more than 1000 c.p.m, to 30 to 100 c.p.m. Activity was expressed as nmol of glucose transferred to T2 DNA per h per 1.5 x 10 s cells at 37°C.
Plasmid techniques. Plasmid DNA was prepared as described by Davis et al. (1980) , transformation was performed as described by Cohen et al. (1972) and restriction enzyme (Boehringer-Mannheim and New England Biolabs) cleavage was according to Maniatis et al. (1982) . Agarose (0.7~ w/v, Bio-Rad) gels were used for mapping restriction fragments and 5700 (w/v) polyacrylamide gels (crosslinking ratio 29/1, acrylamide and N,N'-methylenebisacrylamide from Fluka, Buchs, Switzerland) were used for isolation of DNA fragments. Restriction (Bolivar et al., 1977a, b) were used as size markers for electrophoresis, which was performed in the buffer described by Peacock & Dingman (1968) . DNA bands were cut out from the gels, and the DNA was recovered by electroelution as described by Maniatis et al. (1982) .
Marker rescue. This test was performed according to Velten & Abelson (1980) . Since only phages deficient in both ct-and fl-glucosyltransferases are restricted in Rgl + E. coli (Revel, 1967) , marker rescue/complementation tests of flgt was assayed with ctgtflgt double mutants. The ¢tgt-flgt + recombinants will grow in the restrictive host.
Copy number determinations by dye buoyant density centrifugation, The plasmid-chromosomal DNA ratio was determined by ethidium bromide (EtBr~CsC1 density centrifugation essentially as described (Pronase treatment was omitted) by Womble et al. (1977) . To bacteria grown in LB or M9 was added 250 lag/ml deoxyadenosine and DNA was labelled with 5 ~tCi/ml [3H]thymidine (sp. act. 40 Ci/mmol, Amersham). Copy number was calculated as the number of plasmid copies per chromosome equivalent.
Copy number determinations by ampicillin resistance. A modified version of the method described by Uhlin & Nordstr6m (1977) was used. Suitable dilutions giving rise to ideally 200 colonies/plate of exponentially growing cells in M9 and LB with ampicillin (80 ~tg/ml) were spread on M9 and LB plates with different concentrations of ampicillin. Resistance levels were defined as those concentrations of ampicillin permitting 50 % of the cells to form colonies, the LD5o value. These values were calculated from a graph in which the number of colonies was plotted against drug concentration. To obtain reproducible results, ampicillin solutions and ampicillin plates were made freshly for each experiment.
Radioactive labelling of RNA and RNA extraction. Radioactive labelling of intracellular RNA was performed by addition of 50 ~tCi/ml [14C]uridine (sp. act. 30 Ci/mmol, Amersham) to bacteria grown in LP medium. RNA was then extracted with hot phenol essentially as described by Miller (1972) , and the concentration was determined spectrophotometrically, assuming that an A26 o of 1 corresponds to 40 ~tg RNA/ml. Unlabelled total RNA was prepared similarly.
Determination of the level offlgt mRNA. Purified 2.2 kb T4 DNA fragment from HindllI digestion of plasmid pTHF3047 was denatured and bound to nitrocellulose filters (5 ~tg per filter) to which labelled RNA was hybridized (Miller, 1972) .
Northern hybridization to determine the length of the flgt-specific transcripts. Heat-denatured, unlabelled total RNA was separated on a 1.5 % (w/v) agarose formaldehyde gel in a MOPS (Sigma)-based buffer as described by Maniatis et al. (1982) . Blotting onto Genescreen paper (New England Nuclear) was performed essentially as described by the manufacturer with 0.025 M-Na2HPO,/NaH2PO 4 at pH 6.5. The hybridization probe was 0-5 to 1 ktg of the 2-2 kb HindlII fragment from pTHF3047 nick-translated (Maniatis et al., 1982) in the presence of 2 ktMdTTP with 50 ~tCi thymidine-5'-[ct-32p]triphosphate (sp. act. 3000 mCi/mmol, New England Nuclear) to about 9 x 106 c.p.m, per probe sample and denatured by boiling for 10 min prior to use. Hybridization was carried out as described by the Genescreen manufacturer, without dextran sulphate. After hybridization and washing of the filter, it was dried at room temperature and autoradiographed at -70°C using Kodak XAR-5 film. * Overnight cultures grown in LB or M9 with 80 ~tg/ml ampicillin were diluted in the same medium and grown to 1 × 108 cells/ml or 2 x 108 cells/ml respectively, and flgt activity was determined. During exponential growth the enzyme activity increased linearly with cell growth. The activity levels are average values from at least four independent determinations and the data are presented as the mean + standard error.
~" ND, Not determined. :~ Background activity.
RESULTS
The T4 DNA fragment in plasmid pTHF3047 By marker rescue it was shown that pTHF3047 carries at least parts of gene 42 (Velten & Abelson, 1980) . This result was confirmed here with the T4 mutant 42amN122, and in addition it was found that 42amN55x5 and 42amE117 were not rescued. Two mutations in the gene for flgt, which is next to gene 42 on the genetic map, could be rescued by pTHF3047 (flgtam8 and flgt20) (data not shown), and the plasmid expresses flgt activity ( Fig. 1 shows a linear map of the amp-tet region of the plasmid, including the T4 insert. The most probable promoter for the expression of the flgt gene is the ampicillin resistance (amp) promoter P1, situated to the right of the HindIII cleavage site of the vector (Stfiber & Bujard, 1980) , where the T4 DNA is inserted, since the promoterproximal part of gene 42 and its IE promoter are not on the fragment. The 2.2 kb fragment was recloned into pBR322 in both directions. Plasmid pCT01 has the T4 DNA fragment inserted in the same direction as pTHF3047 and gave rise to the same level of enzyme activity as pTHF3047, pCT02 with the fragment inserted in the other direction expressed 80-fold less flgt activity (Table 2) : this residual expression may emanate from the tetracycline resistance (tet) promoter P2 (see Fig. 1 ). Removal of the gene 42 fragment and P1, by deletion of the SalI fragment between the site near t42 shown in Fig. 1 
Expression of the plasmid-borne flgt gene
The involvement of Rho in the regulation of flgt from pTHF3047 was studied in an isogenic pair of strains, TU6 and TU8, differing only in the rho gene; TU8 carries the rho-102 mutation.
The presence of pTHF3047 led to an increased generation time (in M9 at 37°C from 44 to 53 min in TU6, and from 46 to 66 min in TU8). The plasmid was unstable in these strains. Only data from experiments where >i 80~ of the cells in the culture were shown to carry the plasmid are considered in the following. The plasmid was considerably more stable in other E. coil strains such as B, ED8689 and KH802, in which flgt expression was also lower. Transformation of pTHF3047 isolated from TU6 and TUB to KH802 resulted in stable maintenance of a plasmid the same size as the original and with low enzyme expression, showing that the plasmid had not been altered (data not shown). Fig. 1 . Map of plasmid pTHF3047. The map is based on the restriction maps of bacteriophage T4 (Kutter & Rfiger, 1983) , pBR313 and pBR322 (Bolivar et al., 1977a, b) together with the data for pTHF3047 obtained here. Plasmid pBR313 carries the same amp--tet segment as pBR322. The T4 fragment (hatched) carries part of gene 42 and the entire flgt gene. Positions of the Rho-dependent terminator t42 and the Rho-independent tflgt terminator are marked with vertical arrows. The two amp promoters P1 and P3, and the tet promoter P2, are shown by arrowheads. The positions and direction of the 1850 base and 600 base transcripts initiated from P1 are shown by horizontal arrows.
Upon infection with an agt-flgt-mutant, phage production and production of wild-type recombinants were substantial in both TU6. pTHF3047 and TU8. pTHF3047, and higher in the Rho-deficient strain (Fig. 2) . Infection of TU8.pTHF3047 resulted in about tenfold higher phage production and 30-fold more wild-type recombinants than infection of TU6. pTHF3047. Infected with T4 wild-type, the rho-host yielded half as much phage as the rho ÷ host (legend to Fig. 2) , so that the relative stimulation ofagt-flgt-phage production in the rho-as compared to the rho + plasmid-carrying host was 20-fold. Hardly any ~gt-flgt-phages were produced in TU6 lacking the plasmid.
In rich medium the expression of flgt activity from the cloned gene was 3.5-fold higher in TU8.pTHF3047 than in TU6.pTHF3047 grown in the same medium (Table 2 ). In minimal medium the activity was 2-5-fold higher from TU8.pTHF3047 than from TU6-pTHF3047. The enzyme activity level in W3110.pTHF3047 was found to be very close to that for TU6-pTHF3047, indicating that the lac and trp mutations had no effect on flgt gene expression.
These experiments clearly show that the flgt gene in plasmid pTHF3047 can complement and recombine with flgt mutants, that the gene is expressed as an active enzyme and that the gene expression is about threefold higher if the host bacterium carries a mutation in the rho gene.
Copy number determinations
Different plasmid copy numbers in the two strains may cause different levels of transcription and enzyme activity due to gene dosage. Two types of experiment were carried out to determine the copy number of pTHF3047 in TU6 and TU8.
Quantification of covalently closed circular DNA by EtBr-CsCI density centrifugation indicated a copy number of about 50, except in TU8 in LB, where the copy number was higher (Table 3) .
When TU6 and TU8 carrying pTHF3047 were grown in M9 with 80 ~tg/ml ampicillin their levels of resistance to the antibiotic were the same (Table 3 ). This indicates similar plasmid copy numbers (Uhlin & Nordstr6m, 1977) . TU8-pTHF3047 had a somewhat higher resistance level when grown in LB, consistent with the higher copy number determined under these conditions. Thus, no difference in the copy number of pTHF3047 in TU6 and TUB was found that could have explained the higher level of flgt expression from the rho-strain in minimal medium.
Quantification and identification of plasmid transcripts
During exponential growth in LP medium TU6. pTHF3047, TU8. pTHF3047 and TU8 were pulse-labelled with [~4C]uridine for 3 min. RNA was then extracted and hybridized to the 2.2 kb c. TFIYLEN Fig. 2 . Determination of #gt expression from pTHF3047 by complementation. Bacterial strains (O, TUS.pTHF3047; O, TU6.pTHF3047; l-q, TU6) were grown to 2 × 10 s cells/ml at 37 °C in M9 with 0-05~o (w/v) casamino acids and tryptophan (20 lag/ml). Ampicillin was added to 80 lag/ml to cultures of plasmid-carrying strains. The ceils were infected with ~gtara8#gt20 at an m.o.i, of 0-2. After 3 rain adsorption (usually better than 90~) the infected bacteria were diluted 50-fold in M9 with casamino acids and tryptophan as above. At the indicated times, samples were withdrawn for estimation of total phage production by plating on CR63, and ~gt + recombinants by plating on B. The number of #gt + recombinants per infected cell 60 rain after infection was: TU6, <0.001 ; TU6.pTHF3047, 0.026 and TUB-pTHF3047, 0.86. In an identical experiment with T4 wild-type as infecting phage the burst sites were 45.4, 50-2 and 22.7. Fig. 3 . Determination of the level of/~gt mRNA by RNA-DNA hybridization) Ten, 20 or 40 lag of RNA pulse-labelled for 3 rain with [14C]uridine was hybridized to 5 lag of the 2-2 kbp T4 DNA fragment from plasmid pTHF3047, bound to nitrocellulose filters. RNA not bound to DNA was removed by RNase treatment. The background radioactivity bound to a filter without DNA, incubated with RNase, was subtracted from each value. Filter-bound radioactivity was determined and plotted as a function of the amount of RNA added. The specific activities for the different RNA preparations were: TU6.pTHF3047 (O), 5745 c.p.m./lag; TUS.pTHF3047 (O), 5302 c.p.m./~tg and TU8 (A) 4337 c.p.m./lag. The c.p.m, values (ordinate) were normalized to the specific activity for strain TU6. pTHF3047. T4 DNA fragment from pTHF3047. The results (Fig. 3) show no difference in the level of transcription in the two strains. The level of hybridization to TU8 lacking plasmid was below background.
Northern hybridization analysis of total RNA from TU6 carrying pTHF3047, using the nicktranslated 2.2 kb T4 HindlII fragment from pTHF3047 as a probe, revealed two transcripts of * Bacteria were grown in M9 or LB in the presence of 80 ~tg/ml ampicillin. The number of plasmid copies per chromosome and resistance levels are averages of three to five separate determinations and are presented as the mean + standard error.
tND, Not determined.
about 600 and 1850 nucleotides from pTHF3047 (Fig. 4, lane 1 ). Significant amounts of the latter were produced also in TU8.pTHF3047, where the 600 base transcript was barely noticeable (Fig. 4, lane 2) . Densitometer scanning of these autoradiograms indicated a mass ratio of the two transcripts (1850 over 600) of 2.4 for TU6.pTHF3047, and of 3-2 for TU8.pTHF3047, showing an equimolar yield of the two transcripts and a 1.3-fold higher relative yield of the longer transcript from TU8.pTHF3047. Similar hybridization of R N A from plasmid-free TU8 (Fig. 4, lane 3) showed no R N A homologous to T4. Repetitions of this experiment yielded similar results. Since the T4 insert is only 2200 bp, with a promoter just outside the fragment and no known internal promoter, it is reasonable to assume that the long c. THYLI~N transcript is obtained by readthrough of a terminator at which the short transcript ends. If this is so, there would be a partially effective terminator at position 25-1 of the T4 map (see Fig. 1 ) and a Rho-independent terminator at position 23.8. These positions are in very good agreement with the position of the flgt reading frame (Tomaschewski et al., 1985) .
DISCUSSION
The aim of this investigation was to study regulatory mechanisms governing the expression of a delayed early gene of bacteriophage T4, using the expression of the ~gt gene from a plasmid clone as a model system.
The plasmid used in these experiments, pTHF3047, carries at least parts of gene 42 (Velten & Abelson, 1980) and the entire flgt gene and expresses flgt activity in both rho ÷ and rho-strains in the absence of other T4-coded functions. The direction of transcription within the fragment is opposite to that of the tet gene of pBR313 (Bolivar et al., 1977 a, b; Tomaschewski et al., 1985) , and transcription probably originates at the amp promoter P1 (see Fig. 1 ).
Complementation of [3gt phage and direct enzyme measurements indicated that a bacterial strain carrying a rho mutation known to cause increased readthrough of Rho-dependent terminators (Korn & Yanofsky, 1976a) produced more flgt than a rho ÷ strain. By two different criteria the copy number of the plasmid was the same in the two strains in the minimal medium used for transcription and expression studies. Thus the different enzyme levels could not be accounted for by differences in gene dosage.
The Northern blot analysis indicated that two T4-specific mRNA species were synthesized from the plasmid both in the rho ÷ and rho-hosts: a 600 base RNA ending at the Rho-dependent t42 terminator between genes 42 and flgt, and an 1850 base elongation of this transcript to the end of the ~gt gene. About half of the transcripts were read through t42 in the rho ÷ strain. No flgt is expressed in T4-infected rho ÷ strains unless phage protein synthesis is permitted (Linder & Sk61d, 1980) . The high expression from the plasmid-carried gene in the rho ÷ strain could be due to the increased dosage of t42 on the plasmid compared to its amount during lytic infection so that not enough Rho is available. Alternatively the different base composition (cytosine instead of glucosylated hydroxymethylcytosine) or the structure of the DNA (supercoiled instead of linear) might affect the regulation.
Nevertheless, increased ~gt expression was observed. This was manifested as a 20-fold increase in ~gt-~gt-phage production, about threefold more flgt enzyme activation and about 1.3-fold increased readthrough of t42. Although the increased transcriptional readthrough was reproducible, it is difficult to assess its significance. Since net transcription was the same in both strains the increased readthrough would have to be coupled to a somewhat lower frequency of transcription initiation and therefore less than 1.3-fold higher molar yield of the flgt mRNA. Nevertheless, the rho-strain shows significantly higher enzyme expression, and the Rho factor may be involved here also in post-transcriptional regulation. The increased plasmid flgt expression in the rho-host was of about the same order of magnitude as the stimulation of expression of the wild-type derepressed (trpR-) trp operon (i.e. attenuator readthrough) in strains carrying this rho allele, but lower than the stimulation seen with polar trp mutations (Korn & Yanofsky, 1976b) . These results can be taken as an indication of some Rho control of flgt expression from the plasmid.
Studies on other aspects of T4 development using plasmid clones have revealed differences from the regulation of expression during normal phage development. Late T4 genes, for instance, are expressed from plasmids under conditions where late expression during T4 infection does not take place (Oliver et al., 1981 ; Jacobs et al., 1981) . The exact requirements for late gene expression from plasmid clones are not well understood (for review, see Geiduschek et al., 1983) . DE 1 regulation of plasmid-carried genes appears also to be somewhat different from the in vivo regulation during T4 growth. The system described here might be useful in the analysis of the complex regulation of T4 DE gene expression. 
